Introduction
Ion-selective electrodes (ISEs) are well known for fast response, simple analytical procedure, and relatively low cost, and have found widespread utilization in clinical and environmental analyses [1] [2] [3] [4] . The electrodes with a solid-contact configuration (SC-ISEs) have made very rapid progress in the past decades. Much of this progress springs from their intrinsic advantages, such as ease of preparation, easy miniaturization, and no risk of solution leakage [5, 6] . Different novel materials have been introduced between electrode support and ion-selective polymeric membrane to improve the potential instability and irreproducibility of SC-ISEs [7, 8] .
Conducting polymers have been of great interest as intermediate solid transducers since they possess mixed ionic and electronic mobility and their properties can be easily tailored by chemical modifications [9, 10] . Most of the materials investigated so far for SC-ISEs are polypyrrole [11] [12] [13] , polyaniline [14, 15] , polythiophene, and their derivatives [16] [17] [18] . Ladder conjugated polymers are an important class of electronic materials that offer enhanced electron delocalization, conductivity, and stability [19] . However, the insolubility of ladder conjugated polymers in organic solvents usually cause processing difficulties [20] , and there is no study on these polymers application in SC-ISEs. In this work, for the first time, we demonstrate the use of a soluble ladder conjugated thiophene co-polymer, thieno [3,2-b] thiophene (LCPT), as the active ion-to-electron transducer for the fabrication of SC-ISEs. The performance of the new inner contact material and the response characteristics of the polymeric membrane electrode were studied.
Experimental
Poly(vinyl chloride) (PVC), 2-nitrophenyl octyl ether (o-NPOE), sodium tetrakis [3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), and the copper ionophore, o-xylylene bis(diisobuty1dithiocarba-mate) (o-XBDiBDTC) were purchased from Sigma-Aldrich. LCPT was synthesized as described previously [19] .
The ion selective membrane contained 32.8 wt% PVC, 56.0 wt% o-NPOE, 7.0 wt% o-XBDiBDTC, and 4.2 wt% NaTFPB. The glassy carbon (GC, 3 mm in diameter) electrode was used as electronic substrate. The membrane solution was prepared by dissolving 250 mg of the membrane components in 3.0 mL of THF. GC electrodes were used as conducting substrates for SC-ISEs. LCPT was applied on the GC by drop-casting 20-50 mL of a 50 mg/mL solution in chlorobenzene. After the LCPT film was dry, a piece of PVC tube was put over the tip. Finally, 100 mL of the membrane cocktail was cast on the top of LCPT surrounded by the PVC tube, and dried for 1 h at room temperature. Coated-wired ISEs (CWEs) were prepared by directly casting the membrane cocktail on GC substrates, and dried for measurements. Potentiometric measurements were performed using a Model PXSJ-216 digital ion analyzer (Shanghai Leici Instruments Factory) in the galvanic cell. Hg/Hg 2 Cl 2 with a double junction used as the reference electrode. Activity coefficients were calculated according to the Debye-Hü ckel approximation and electromotive force (EMF) values were corrected for liquid-junction potentials with the Henderson equation. Electrochemical impedance spectroscopy (EIS) and chronopotentiometry measurements were performed using CHI 660C Electrochemical Workstation (Chenhua Instruments Company, China).
Results and discussion
In order to evaluate the advantages of LCPT as an ion-toelectron transducer in the fabrication of SC-ISEs, we compared its behavior with CWEs. Fig. 1 presents the complex-plane impedance plots for the obtained Cu 2+ -selective electrodes with and without LCPT transducer, which reveals that the electronically and ionically conducting LCPT facilitates the charge transport and promotes the ion-to-electron transduction across the interfaces. On the one hand, the diameter of the high-frequency semicircle, which equals the bulk membrane resistance coupled with the contact resistance between the GC substrate and the PVC membrane, was decreased from 0.19 MV to 0.11 MV by using LCPT transducer. On the other hand, the low-frequency response can be related to an interfacial charge-transfer from the GC/PVC interface and to the diffusion processes in the ISEs [21] . It seems that the ion-to-electron transduction processes proceed properly between the LCPT layer and PVC membrane as a larger low-frequency semicircle was observed arising from a small capacitance at the ''blocked'' interface GC/PVC membrane in CWEs. The selectivity coefficients, log K pot Cu,j , of the fabricated Cu 2+ -ISEs were determined by Bakker's separate solution method to eliminate the influence of the inherent sensitivity limit on the response toward discriminated ions. Table 1 reflected the solidcontact Cu 2+ -ISE is selective to Cu 2+ over the tested interfering ions.
To evaluate the potential stability of the fabricated electrodes, chronopotentiometry was carried out in 0.1 mol/L Cu(NO 3 ) 2 solution and the current applied was equal to 1 nA. As can be clearly seen in Fig. 3 , much less potential drift was observed with the LCPT-based electrode as compared to that without LCPT transducer (CWE). These results suggest that the potential stability can be dramatically improved by applying LCPT as the solid CWE recorded at open circuit potential with excitation amplitude of 100 mV and a frequency range 100 kHz to 10 MHz. transducer between the GC substrate and the ion-selective membrane. According to the slope of the linear part of the E vs. time dependence curve which directly relates to the low frequency capacitance of the system, dE/dt = i/C, the capacitance thus obtained for LCPT-based electrode is 1.76 mF.
It has been realized that a thin aqueous film can form unintentionally between the sensing membrane and its solid contact [23] [24] [25] . To test for the presence of aqueous layer, the fabricated electrode was investigated by the method introduced by Fibbioli et al. [26] . The sensors were conditioned initially in
À3 mol/L NaNO 3 solution (interfering ion solution) and finally again in 1.0 Â 10 À5 mol/L Cu(NO 3 ) 2 solution. As shown in Fig. 4 , no obvious potential drifts were observed, indicating that the undesirable water layer was eliminated in the sensor. The reason could be attributed to the addition of hydrophobic LCPT.
Conclusion
In this work, a new function of a ladder conjugated polymer, thieno [3,2- 
